measures of cardiovascular physiology such as heart rate and blood pressure.
Pollution-associated elevations in these biomarkers, observed in both young persons [4] [5] [6] and older individuals with coronary artery disease or diabetes, [7] [8] [9] have not always agreed in terms of the direction, magnitude, and timing of response, or the specific pollutants with which they are most strongly associated. This inconsistency may be partially due to the inherent limitations of panel study designs that assessed biomarker changes in relation to natural day-today variations in ambient concentrations of air pollutants (eg, residual confounding, differences in population characteristics, differences in particulate matter [PM] composition and pollutant mixture). In contrast, governmental pollution control interventions can result in large pollution changes and hence provide real-world quasi-experimental conditions, facilitating more controlled examination of pollution-mediated health effects. However, previous studies capitalizing on such opportunities have not assessed mechanistic biomarkers, limiting outcomes to morbidity, mortality, or both. [10] [11] [12] [13] [14] [15] As a condition for hosting the 2008 Olympic Games, the Chinese government agreed to temporarily and substantially improve air quality in Beijing for the Olympics and subsequent Paralympics. This provided a unique opportunity to use a quasi-experimental design in which exposures and biomarkers were measured at baseline (pre-Olympics), following a change in pollution (during-Olympics), and then repeated after an expected return to baseline (post-Olympics). We hypothesized that levels of inflammatory and thrombotic biomarkers as well as heart rate and blood pressure would decrease from the pre-Olympic to the during-Olympic period, followed by increases in these biomarkers from the during-Olympic to the post-Olympic period. Furthermore, across the entire period, we hypothesized that changes in biomarker levels would be correlated with changes in concentrations of specific pollutants.
METHODS

Pollution Control Measures
A series of aggressive pollution control measures were implemented from July 20 to September 17, 2008 , encompassing the entire Olympic Games (August 8-24) through the end of the Paralympic Games (September 6-17), mainly limiting operation of industrial and commercial combustion facilities in Beijing and use of alternateday driving to remove approximately one-half of the cars (Ϸ1.5 million cars) from Beijing roads each day. 16 After the Paralympics, these pollution control actions were relaxed.
Study Design and Participants
At a central Beijing hospital, we used advertisements on hospital bulletin boards and word of mouth to screen 137 potential participants from a pool of medical residents, enrolling 128 into the study. Nine individuals either refused to participate or did not meet the inclusion criteria that participants had to be never-smokers and free of cardiorespiratory, liver, kidney, neurologic, and other chronic diseases. Participants all worked at the hospital, with 92% residing in dormitories within 5 km from the hospital. The remaining 8% lived in offcampus apartments within 9 km of the hospital. The dormitories had no cooking facilities, eliminating a major source of indoor air pollution. The participants spent, on average, approximately 70% of their time in environments other than in hospital work places, mainly in their residences that were not air conditioned. The air conditioned buildings in the hospital were not air tight and had windows that were often open during hours of the day with cooler outdoor temperatures. We used a panel study design in which each participant was asked to complete 6 clinical visits, separated by at least 1 week, with 2 in each of the pre-Olympic (June 2-July 20), during-Olympic ( July 21-September 24), and post-Olympic (September 25-October 31) periods. Our period definition followed the schedule of the pollution control measures described elsewhere. 16 Among the enrolled participants, 119 completed all 6 visits, and 6 participants completed 5 visits. Three participants who had only 1 or 2 visits were dropped from the analysis. The remaining 125 participants (744 personvisits) were used in all data analyses. Of the 63 male participants, the mean (SD) age was 24.2 (2.1) years and body mass index, calculated as weight in kilograms divided by height in meters squared, was 22.5 (2.9). Of the 62 female participants, the mean (SD) age was 24.1 (1.5) years and BMI was 20.6 (2.4). This study was approved by the University of Medicine and Dentistry of New Jersey institutional review board and the joint Ethics Committee of the Peking University Health Sciences Center and the Peking University First Hospital. All participants provided writt e n i n f o r m e d c o n s e n t b e f o r e participating in the study.
Outcome Measurements
Each participant came to the clinic at the same time of the morning on a weekday for all clinic visits. Participants were fasting on each test day to reduce extraneous effects on platelet activation. They had not taken any medications and had no symptoms of respiratory infection or allergies for at least 7 days prior to each visit. To avoid potential effects from sleep pattern changes and nonroutine activities, no visits were made following a night shift or travel event. At each visit, we performed electrocardiographic measurements in the supine position to assess heart rate, measured blood pressure (both systolic and diastolic) manually using a sphygmomanometer following a 5-minute rest period, and drew blood without a tourniquet into heparinized or citrated tubes. 17 Concentrations of sCD62P and sCD40L in the plasma were measured using a commercially available enzymelinked immunosorbent assay ([ELISA] Rapidbio). 18 The detection limit for both AIR POLLUTION, INFLAMMATION, AND THROMBOSIS sCD62P and sCD40L was 1 ng/mL. Blood cell counts were measured using standard automated clinical methods in the hospital. Plasma fibrinogen concentrations were analyzed, within 4 hours of venous blood collection, using an automated ACL9000 analyzer. The detection limit for fibrinogen was 0.28 g/L. Concentrations of von Willebrand factor protein in the plasma were measured using a commercially available ELISA kit (Hushang Biotech) and reported as the percentage of the von Willebrand factor concentration in a standard species-specific plasma pool. C-reactive protein (CRP) concentrations were measured in EDTA (anticoagulant)-treated plasma using a clinical immunonephelometric assay with an automated nephelometer. The detection limit for CRP was 0.3 mg/L (to convert CRP from mg/L to nmol/L, multiply by 9.524).
Air Pollution and Weather Measurements
We measured 24-hour concentrations of fine particles (particulate matter Յ 2.5 µm in aerodynamic diameter [PM 2·5 ]) and 3 constituents: elemental carbon, organic carbon, and sulfate. Teflon filters were used to determine PM 2·5 concentrations gravimetrically and then for sulfate by ion chromatography. Elemental carbon and organic carbon were collected on heat-treated quartz fiber filters and measured using the NIOSH Method 5040 in a commercial laboratory. We also measured gaseous pollutants (sulfur dioxide, nitrogen dioxide, carbon monoxide, and ozone) using monitors that were calibrated and maintained following the manufacturer's protocols (Ecotech Ltd). We measured ambient temperature and relative humidity at the same site. All the samplers and monitors were collocated on the rooftop of a 7-story building in the center of the same hospital campus.
Statistical Analyses
We calculated descriptive statistics for each pollutant by period. We logtransformed concentrations of sCD62P and sCD40L because both had right skewed distributions. We estimated the change in each biomarker from the before to during the Olympic period and from the during to after the Olympic period using the biomarkers as the dependent and period as the independent variable in mixed-linear models with normally distributed errors. In exploratory analyses, we estimated the change in biomarker concentration associated with each interquartile range (IQR) increase in pollutant concentration using the mixed-linear models described above. We included indicator variables for sex, day of the week, mean temperature, and relative humidity in the previous 24 hours, and if indicated by a reduced AIC value, the cumulative average of up to 7 days of temperature, relative humidity, or both. We then used this model to estimate the change in biomarker concentration associated with each IQR increase in pollutant concentrations in the 24 hours before the clinic visit (lag day 0), as well as the 6 previous 24-hour periods (lags 1-6). We report the mean percentage change, along with its 95% confidence interval, in the biomarker associated with each IQR pollutant increase. Statistical analyses were performed using the R Programming Language (Version 2.12.2; R Development Core Team) with the gls procedure (nlme package) to examine the pollutant time series and the lme procedure (nlme package) for evaluating changes in the biomarkers.
RESULTS
Pollutant concentrations are summarized in TABLE 1. We observed reductions in the mean concentration of sulfur dioxide (−60%), carbon monoxide (−48%), nitrogen dioxide (−43%), elemental carbon (−36%), PM 2·5 (−27%), organic carbon (−22%), and sulfate (−13%) from the pre-Olympic to the during-Olympic period. In contrast, ozone concentrations increased (24%). Pollutant concentrations generally increased substantially from the during-to post-Olympic period for all the pollutants (21% to 197%) except ozone (−61%) and sulfate (−47%). Throughout the study period, several pairs of pollutants were highly correlated (r Ͼ0.7) (PM 2.5 and sulfate; elemental carbon and organic carbon; elemental carbon and nitrogen dioxide; organic carbon and nitrogen dioxide; organic carbon and sulfur dioxide; PM 2.5 and sulfur dioxide). Ozone was negatively correlated with nitrogen dioxide, elemental carbon, organic carbon, and carbon dioxide but was weakly correlated with sulfur dioxide, PM 2.5 and sulfate (TABLE 2) .
Period-specific means, 95% confidence intervals, between-period changes, and P values testing whether these changes were statistically significantly different from 0 are shown in TABLE 3 for each biomarker. As hypothesized, we observed statistically significant decreases in sCD62P and von Willebrand factor and nonstatistically significant decreases in sCD40L, heart AIR POLLUTION, INFLAMMATION, AND THROMBOSIS rate, and systolic and diastolic blood pressure from the before-to the duringOlympic period. The fraction of abovedetection-limit values for CRP (Ն0.3 mg/L) was also reduced from 55% during the pre-Olympic period to 46% in the during-Olympic period. As hypothesized, we observed increases in sCD62P, sCD40L, heart rate, fibrinogen, systolic blood pressure, and WBC count from the during-to the postOlympic period, but only the increase in sCD62P was statistically significant after correcting for multiple comparisons. In contrast, the fraction of abovedetection-limit CRP values was the lowest (36%) in the post-Olympic period.
We observed statistically significant increases in sCD62P associated with interquartile range (IQR) increases in all pollutants but ozone with the largest increases per pollutant, ranging from 5.7% or 0.055 ng/mL (95% CI, 0.030-0.081 ng/ mL) to 19.1% or 0.18 ng/mL (95% CI, 0.14-0.21 ng/mL) at 24 to 95 hours (lags, 1 to 3) prior to the clinic visit. In contrast, we observed a 12% decrease or −0.13 ng/mL (95% CI, −0.18, to −0.076 ng/mL) in sCD62P associated with each IQR increase in ozone concentration in the previous 24 hours (FIGURE 1). In comparison, sCD40L increases were smaller, ranging from 2.9% or 0.029 ng/mL (95% CI, 0.0037-0.054 ng/mL) to 7.4% or 0.071 ng/mL (95% CI, 0.035-0.11 ng/mL), but still statistically significantly associated with IQR increases in PM 2.5 , sulfate, elemental carbon, and sulfur dioxide concentrations (at lags, 3-5).
We observed statistically significant 4.80% (95% CI, 2.78%-6.83%) to 7.51% (95% CI, 5.20%-9.83%) increases in von Willebrand factor associated with IQR increases in most pollutants at various lag periods, with the largest effects associated with PM 2.5 , sulfate, nitrogen dioxide, and elemental carbon in the previous 96 to 143 hours (lags 3-4) before the clinic visit, sulfur dioxide in the previous 24 to 71 hours (lag days, 2-3), and carbon monoxide in the previous 24 hours (lag 0; FIGURE 2). In contrast, we observed a statistically significant decrease in von Willebrand factor (−17.5%; 95% CI, −21.7% to −13.2%) associated with each IQR increase in ozone in the previous 24 hours.
For heart rate , we observed statistically significant 1.1% or 1.01/min (95% CI, 1.00-1.02/min) to 2.2% or 3; FIGURE 3 ). For fibrinogen, we observed statistically significant increases associated with increases in PM 2.5 , elemental carbon, organic carbon, sulfur dioxide, and nitrogen dioxide concentrations at multiple lag times and observed similarly sized nonstatistically significant increases associated with IQR increases in sulfate and carbon monoxide also at multiple lag times (Figure 2) . The largest fibrinogen changes, ranging from 0.8% or 0.019 g/L (95% CI, 0.006-0.038 g/L) to 1.9% or 0.049 g/L (95% CI, 0.010-0.088 g/L) were associated with IQR pollutant increases lagged by 48 to 71 hours (lag 2) and 72 to 95 hours (lag 3). We observed both statistically significant increases and decreases, without a consistent pattern, in systolic blood pressure associated with multiple pollutants. We did not observe significant increases or decreases in diastolic blood pressure with any pollutant at any lag period (FIGURE 4) . In contrast and contrary to the hypothesis, the pollutant-WBC count association (Figure 3 ) appeared to have a generally decreasing trend with increasing lag periods. We observed 1.5% or 76/ µL (95% CI, −120/µL to −30/µL) to 3.4% or −170/µL (95% CI, −310/µL to −30/µL) decreases in WBC associated with IQR increases in organic carbon, sulfur dioxide, carbon monoxide, and nitrogen dioxide, lagged 96 to 143 hours (lags 4 to 6).
COMMENT
During the unprecedented pollution intervention for the Beijing Olympics, we observed moderate to large concentration decreases in all measured air pollutants except ozone, a secondary pollutant of photochemical smog. In the post-Olympic period after the relaxation of the pollution control measures, all pollutants except the 2 secondary pollutants (ozone and sulfate) increased from their during-Olympic levels. Some reached or exceeded their pre-Olympic levels. Similar findings on these pollution changes during and after the Olympics have been reported previously. 16, 19 Concomitantly, we observed statistically significant biomarker reductions in von Willebrand factor and sCD62P, confirming the importance of White blood cell count, µL 5290 (5050 to 5540) 5400 (5100 to 5700) 5210 (4890 to 5530) 2.2 (−2.3 to 6.6) .34 −3.9 (−11.5 to 3.6) .44
Abbreviations: sCD40L, soluble CD40 ligand; soluble P-selectin sCD62P a Biomarker was log-transformed. Geometric means and its 95% confidence interval. b Significance is established if P value Ͻ.003, the individual significance level needed to maintain a family-wise Type I error rate of 0.05.
AIR POLLUTION, INFLAMMATION, AND THROMBOSIS
the thrombosis-endothelial dysfunction mechanism, with sCD62P also demonstrating significant increases in the post-Olympic period. Two of these measures (sCD62P and systolic blood pressure) increased significantly from the during-Olympic to the postOlympic period. Consistent with previous findings, diastolic blood pressure was less sensitive to air pollution changes. 20 Among the inflammation pathway biomarkers, the fraction of CRP above the detection limit (0.3 mg/L) decreased from the preOlympic to the during-Olympic period but decreased further in the postOlympic period.
There have been other national or regional air pollution reductions resulting from a governmental policy, national political realignment, industrial facility employee strike, or large scale sporting event. 10, 11, 13, 15, 21 Each has been associated with a beneficial public health effect, including reductions in cardiorespiratory mortality rates, 11, 15 bronchitis prevalence, 12 childhood hospital admissions for respiratory disease, 22 reduced preterm deliveries, 13 and childhood asthma admissions. 23 A few health studies have also been conducted using the Beijing Olympic air quality intervention opportunity to assess changes in pulmonary inflammation in children and heart rate variability in taxi drivers. 24, 25 However, none of these studies has investigated the mechanistic pathways underlying cardiovascular benefits brought by the interventions. The findings from our quasiexperimental design may reflect the effects of air pollution as a whole mixture rather than as the action of one or more specific pollutants. It has been of great interest, both from a scientific standpoint and from a regulatory perspective as to what specific components of the air pollution mixture (eg, gases vs particulate matter) and what specific constituents of particulate matter are more toxic than others. 26, 27 We attempted to address this question through our pollutantbiomarker association analysis. However, correlations among pollutants, due in part to the simultaneous shutdown of multiple pollutant sources during the Olympics and subsequent relaxation of pollution controls, made it difficult to differentiate effects of individual pollutants or pollutant sources. The seemingly beneficial effects of ozone on several biomarkers is likely due to its negative correlations with nitrogen dioxide and other pollutants, as was similarly observed in previous studies. 28, 29 Some of the lag-day patterns shown in the Figures are intriguing. The changes in von Willebrand factor and sCD62P associated with pollutant concentration increases in the previous 24 hours are consistent with their roles in the rapid thrombotic response, while the slower response for fibrinogen more than 2 to 3 days is consistent with its role as an acute phase protein. [30] [31] [32] [33] For most biomarkers, there was a gradual increase in effect estimates in the early lag periods (lags 0-2), followed by a gradual decrease in effect estimates to 
often negative effects (ie, increased pollutant concentration associated with decreased biomarker levels) in later lag periods. These negative ("protective") effects could be due to compensatory mechanisms responding to the increases in the biomarker triggered by pollution at early lags. Overall, the pollutant-biomarker associations provide further mechanistic support that the biomarker changes across the Olympic periods were acute inflammatory and prothrombotic responses to changes in air pollution.
Each biomarker or outcome used in our study has been related to cardiovascular morbidity or mortality in clinical studies, but only blood pressure and CRP are in clinical use for risk stratification at the present time. For both of these, risk is typically expressed in strata or tiers based on a cutoff value rather than in the mean comparisons and percentage increases that we present herein. Fibrinogen, von Willebrand factor, heart rate, sCD62P, WBC count, and sCD40L all have been used in observational epidemiology studies in which increased biomarker levels were associated with 1 or more acute or chronic cardiovascular events or mortality. [34] [35] [36] [37] [38] [39] Changes in cardiovascular physiology parameters (eg, blood pressure) and inflammation contribute to the instability of preexisting atherosclerotic plaques. Furthermore, thrombosis, dependent on platelet activation, is responsible for arterial obstruction on the surface of such a ruptured plaque. At the present time, however, quantitative implications of these biomarker changes for cardiovas- cular risk assessment cannot be estimated due to the lack of data directly linking biomarker changes with mortality or morbidity rates. Each biomarker used in our study has also previously been associated with acute air pollution changes in field observational or laboratory studies, although there is substantial heterogeneity, even disagreement, between individual studies. For example, we found increases in fibrinogen concentration associated with increased PM 2.5 concentration in the previous few days, which is in agreement with prior field studies 4,9 and laboratory studies, 5,40 but in disagreement with another field study. 41 Increases in von Willebrand factor have been associated with exposure to road traffic particles. 30, 42, 43 Systolic blood pressure-and, to a lesser extent, diastolic blood pressure-has been documented to increase with pollutant exposure. 20 Increased heart rate has also been previously associated with increases in air pollution levels. 44 All of these are consistent with our findings. Likewise, positive associations between sCD62P (our most sensitive biomarker) or sCD40L and particulate matter have been reported in previous studies.
6,7, 45 These platelet activation marker associations with pollutant changes in the previous 24 hours provide an explanation for previously reported triggering of myocardial infarction by ambient particulate matter. [46] [47] [48] [49] [50] [51] Epidemiological associations of air pollution as a risk factor for acute cardiopulmonary events (eg, stroke, myocardial infarction) and chronic mor- However, we observed biomarker changes linking air pollution with disease pathways in the young and healthy. This may be particularly important because chronic effects of hypertension and hyperlipidemias that begin in youth convey CVD risk at older ages. 54 Although this study has several strengths-including a relatively large sample size with excellent participation, a large range of pollutant concentrations across the study period and the prospective measurement of pollution and end points at the same site-there are several limitations that should be noted when interpreting our results. First, we did not measure pollutant concentrations at locations other than the hospital grounds, thereby possibly missing important exposures. Second, we did not measure each participant's personal exposure to each pollutant and instead used pollutant concentrations measured at this hospital monitor as proxies for his/her pollutant exposure during the study. However, these should both result only in nondifferential exposure error and underestimates of pollutant mediated biomarker changes. Third, there may be potential temporal confounding by changes in season and in participant activity patterns over the course of the 6 clinical visits. To address potential confounding by season, we performed sensitivity analysis using only the preOlympic and during-Olympic data because these periods were both in the summer; however, the post-Olympic period was in early autumn (see temperature values in Table 1 ). We found little difference between the results from the main analysis (with 3 periods included) and those from the sensitivity analysis (2 periods only; eFigure available at http://www.jama.com). Concerning activity pattern changes, we collected diary data on participant activities for the 24 hours prior to each of the 6 clinic visits. Noticeable betweenperiod differences were only observed for walking or biking duration (0.96 h/d before, 0.69 h/d during, and 0.65 h/d after the Olympic period) and time spent outdoors (1.65 h/d before, 1.26 h/d during, and 1.22 h/d after the Olympic period). However, the direction of these differences is such that they would tend to enhance the personal exposure to outdoor pollution in the preOlympic period, thereby enhancing the pre-Olympic vs during-Olympic comparison. Neither of these 2 parameters differed between the during-and postOlympic periods.
During the Beijing Olympics, changes in air pollution were associated with acute changes in biomarkers of systemic inflammation and thrombosis as well as measures of cardiovascular physiology in healthy young persons. Although these findings are of uncertain clinical significance, this study provides quasiexperimental, mechanistic data to support the argument that air pollution may be a global risk factor for CVD. 
